We then subjected the cells to FSS and measured COX-2 induction and PGE 2 release.
INTRODUCTION
Bone is a dynamic tissue that models and remodels in response to mechanical loads from the external environment (16, 23, 33, 38) . At the cellular level, mechanical loading of bone generates movement of interstitial fluid creating fluid shear stress across the surface of bone cells (8, 9, 26) . In response to fluid shear stress, osteoblasts increase expression of cyclooxygenase-2 (COX-2) and increase release of prostaglandin-E 2 (PGE 2 ) (2,21,30-32,37) which is required for mechanically induced bone formation (6, 12) . However, the mechanisms by which osteoblasts detect fluid shear stress and transduce the signal across the membrane to activate signaling pathways involved in bone metabolism, such as induction of COX-2 and release of PGE 2 , remain poorly understood.
Focal adhesions are specialized sites of cell-matrix interaction comprised of integrins and many focal adhesion-associated cytoplasmic proteins including, but not limited to, vinculin, focal adhesion kinase (FAK), α-actinin, and actin filaments (3) . Due to the cellular location of focal adhesions, it has been suggested that focal adhesions function as mechanoreceptors. Specifically, binding of integrins to the extracellular matrix may facilitate the transfer of mechanical signals from the external environment across the membrane to activate intracellular signaling cascades (1, 14, 18, 36) .
Experimental evidence supporting a role for focal adhesions as mechanoreceptors includes the observation that fluid shear stress activates intracellular focal adhesion components.
For example, fluid shear stress induces integrin-shc association, depolarization of the membrane, and increased phosphorylation of FAK. Each of these processes can be inhibited by integrin function blocking antibodies or soluble RGDS peptides that inhibit integrin binding to the RGDS sequence within many matrix proteins (19, 22, 24, 34) . In addition, fluid shear stress can also cause morphological changes to focal adhesions including increased size and number of focal adhesions and increased recruitment of β 1 integrin to focal adhesions (7, 30) . Although integrin activation clearly occurs in response to fluid shear stress, the induction of COX-2 and release of prostaglandins in response to fluid shear stress, which are necessary for mechanically induced bone formation, have not been directly linked to integrins or focal adhesion formation.
In this study, we investigated the role of focal adhesions as potential mechanosensors through which fluid shear stress-induced mechanical signals may be transduced across the osteoblast cell membrane to activate PGE 2 release and induce COX-2 protein expression. We found that inhibiting focal adhesion formation by culturing osteoblasts on BSA, a substrate that does not contain integrin binding sites, significantly reduced PGE 2 release in response to fluid shear stress. When soluble RGDS peptide was used to inhibit integrin binding and limit focal adhesion formation on fibronectin fluid shear stress-induced PGE 2 release as well as upregulation of COX-2 protein were significantly inhibited. However, fluid shear stress induced ERK phosphorylation was unaltered when focal adhesion formation was inhibited using soluble RGDS peptide. These results suggest that limiting focal adhesion formation inhibits fluid shear stress-induced PGE 2 release and upregulation of COX-2 protein, but not fluid shear stress-induced ERK phosphorylation.
MATERIALS AND METHODS
Cell Culture Conditions. MC3T3-E1 osteoblasts were grown in αMEM containing 10% fetal calf serum with 1% penicillin and streptomycin. To modulate focal adhesion formation glass slides were coated with a solution of bovine serum albumin (BSA) (10µg/cm 2 ) or bovine plasma fibronectin (0.7µg/cm 2 ) (Sigma-Aldrich) and allowed to dry completely. After rinsing the slides with PBS, MC3T3 osteoblasts were passaged onto the BSA or FN coated slides and allowed to adhere for 2 hours in αMEM containing 0%
fetal calf serum and 1% penicillin and streptomycin. Serum was excluded to eliminate the effect of matrix proteins contained in serum and the length of time in culture was kept short to minimize the influence of cell-secreted matrix proteins. Arg-Gly-Asp-Ser (RGDS) or Arg-Gly-Glu-Ser (RGES) peptide (Sigma-Aldrich) treatment included incubating suspended MC3T3 osteoblasts for 1 hour while rotating at 4 degrees in αMEM media containing 0% FCS and 500µg/ml RGDS or RGES peptide or an equal volume of vehicle (PBS). Following the 1 hour treatment, osteoblasts were allowed to adhere to FN coated slides in the continued presence of RGDS or RGES peptide for 2 hours prior to static or fluid shear stress conditions in the continued presence of vehicle or peptide.
Fluid Flow Conditions. Cells were subjected to laminar fluid shear stress (10 dynes/cm 2 ) using parallel plate flow chambers and the flow loop system designed by
Frangos et al (13) and marketed by Cytodyne (San Diego, CA). Fluid shear stress experiments were performed at 37ºC with 25mls of αMEM media subjected to a stream of 5% CO 2 . Static controls were incubated in the same volume of media at 37°C with 5% CO 2 . Cells cultured for 4 days in αMEM media containing 10% serum were subjected to a time course of fluid shear stress in αMEM media containing 1% serum. 
RESULTS

Induction of COX-2 protein in response to fluid shear stress is delayed under conditions used to modify focal adhesions.
To modulate the formation of focal adhesions in MC3T3-E1 osteoblasts, cell culture conditions were carefully defined. First, serum was excluded from the media to eliminate the confounding effect that serum matrix proteins would have if these proteins were present and allowed to adsorb to the substrate. Second, the length of time in culture was kept short to minimize the potential impact of matrix proteins secreted by osteoblasts and incorporated into the cellular microenvironment on cell-substrate interactions. We first compared COX-2 protein levels during a time course of fluid shear stress under normal serum and serum-free conditions. We observed a dramatic difference in the length of time required for fluid shear stress to elicit a significant increase in COX-2 protein expression between these two conditions (Fig 1) . Cells cultured on glass slides under conditions that allowed the cells to secrete their own native matrix (4 days in the presence of 10% serum) upregulated COX-2 protein within 30-60 minutes following the onset of fluid shear (10 dynes/cm 2 ) in media containing 1% serum ( Fig 1A) . However, cells cultured for only 2 hours in the absence of serum on slides coated with fibronectin required 3-5 hours of fluid shear stress to elicit an increase in COX-2 protein (Fig 1B) .
To determine if the absence of protein in the media may have adverse effects on the cells response to fluid shear stress (17), we cultured osteoblasts for 2 hours on fibronectin coated slides and completed a time course of fluid shear stress in the presence of media containing 0.1% BSA. Similar to our results seen in Figure 1B in which no protein was present in the media, we found that cells cultured on fibronectin for 2 hours in the presence of 0.1% BSA also required 3-5 hours of fluid shear stress to elicit an increase in COX-2 protein ( Fig 1C) . Therefore, to assess the role of focal adhesions as mechanosensors experiments in this study were performed in the absence of serum and included 2 hours of adhesion followed by 5 hours of fluid shear stress or static culture conditions.
MC3T3-E1 osteoblasts form robust focal adhesions when cultured on fibronectin
but not when cultured on BSA or when treated with soluble RGDS peptide.
To determine the role of focal adhesions in PGE 2 release and induction of COX-2 protein in response to fluid shear stress we used two methods to limit the formation of focal adhesions. MC3T3-E1 osteoblasts were cultured on glass slides coated with bovine serum albumin (BSA) or fibronectin in the absence of serum. BSA does not contain integrin binding sites and therefore this substrate is used to limit focal adhesion formation. Conversely, focal adhesion formation was enhanced by culturing cells on glass slides coated with fibronectin, which contains multiple binding sites for integrins (29) . Immunofluorescence analysis using an antibody to detect vinculin positive focal adhesions showed cells were well spread and formed robust focal adhesions after 2 hours of adhesion on fibronectin (Fig 2a) . In contrast, cells cultured on BSA adhered and partially spread compared to cells on fibronectin but formed only a few focal adhesions (Fig 2b) .
Next, to more specifically inhibit focal adhesion formation on a fibronectin matrix we treated osteoblasts with soluble RGDS peptide. RGDS is the primary integrin binding sequence within fibronectin and therefore treatment with soluble RGDS peptide competes with the RGDS sequence in fibronectin for integrin binding (29) . A range of soluble RGDS peptide concentrations were tested and a concentration of 500µg/ml RGDS peptide which did not cause cellular cytotoxicity (data not shown) was chosen for experiments. Visualization of focal adhesions by immunofluorescence microscopy showed treatment with soluble RGDS peptide inhibited the formation of focal adhesions on fibronectin after 2 hours of adhesion (Fig 2e) . RGES peptide, which does not bind integrins, was used at the same concentration (500µg/ml) as a negative control in these experiments. After 2 hours in culture osteoblasts treated with vehicle (PBS) (Fig 2c) or RGES control peptide (Fig 2d) formed robust focal adhesions.
Fluid shear stress-induced PGE 2 release is inhibited by limiting focal adhesion formation.
After 2 hours of adhesion we subjected cells to 5 hours of fluid shear stress or static culture conditions to determine the role of focal adhesions in fluid shear stressinduced PGE 2 release. We found that fluid shear stress-induced PGE 2 release was significantly reduced by 47% in cells cultured on BSA compared to cells cultured on fibronectin (Fig 3A) . Treating MC3T3-E1 osteoblasts with soluble RGDS peptide to inhibit the formation of focal adhesions on fibronectin reduced fluid shear stress-induced PGE 2 release even more dramatically, by 77% and 78% compared to vehicle treated controls and RGES peptide controls, respectively (Fig 3B) . Compared to untreated controls fluid shear stress-induced PGE 2 release was unaltered by treatment with the RGES control peptide (Fig 3B) . These results suggest that the presence of focal adhesions promotes the fluid shear stress-induced release of PGE 2 .
Fluid shear stress-induced COX-2 upregulation is inhibited by limiting focal adhesion formation on fibronectin with RGDS peptide but not by culturing cells on BSA.
Next, we investigated the role of focal adhesions as mechanosensors in the induction of COX-2 protein in response to fluid shear stress. Surprisingly, when the formation of focal adhesions was inhibited by culturing cells on BSA, 5 hours of fluid shear stress increased COX-2 protein levels by 3.8-fold which was not different from controls ( Fig 4A) . Densitometric analysis of the western blots (n=6) revealed an average fluid shear stress induced increase in COX-2 protein of 3.9-fold and 3.8-fold when cells were cultured on fibronectin and BSA, respectively (Fig 4C) . However, when soluble RGDS peptide was used to inhibit focal adhesion formation on fibronectin we observed a significant reduction in the fluid shear stress-induced increase in COX-2 compared to both vehicle (PBS) treated controls and RGES peptide controls (Fig 4B) .
The average fold induction of COX-2 measured by densitometry in vehicle, RGES, or RGDS treated cells (n=4 for each treatment) was 3.9, 3.2, and 2.1 respectively (Fig 4C) .
Osteoblasts cultured on BSA secrete fibronectin and form focal adhesions after 5 hours of static culture or fluid shear stress.
Based on our COX-2 protein expression data we further examined why cells plated on BSA were able to respond to fluid shear stress while cells treated with soluble RGDS peptide showed a reduced COX-2 response to fluid shear stress.
Immunofluorescence analysis of vinculin positive focal adhesions revealed that in cells cultured on fibronectin neither increasing the amount of time in static culture nor subjecting the cells to 5 hours of fluid shear stress altered the formation of focal adhesions (Fig 5 a-c) . In contrast, cells cultured on BSA showed a dramatic increase in vinculin positive focal adhesions after 2 hours of adhesion plus 5 hours of static culture or fluid shear stress (Fig 5 e-f ) compared to cells allowed to adhere for just 2 hours on BSA (Fig 5d) . Thus, the formation of focal adhesions in cells cultured on BSA occurred in both static and flow conditions indicating that the length of time in culture rather than treatment with fluid shear stress induces the formation of focal adhesions.
These results led us to investigate whether osteoblasts cultured on BSA might secrete matrix proteins, such as fibronectin, that contain binding sites for focal adhesions. Cells cultured on BSA were fixed after 2 hours of adhesion or 2 hours of adhesion plus 5 hours of static culture or fluid shear stress and fibronectin secretion was visualized using an anti-fibronectin antibody. Immunofluorescence analysis showed that MC3T3-E1 osteoblasts were negative for secreted fibronectin after 2 hours in culture (Fig 5g) . However, cells cultured on BSA for 2 hours and then subjected to 5 hours of static culture or fluid shear stress were positive for secreted fibronectin (Fig 5h   and i) , suggesting that cells cultured on BSA may form focal adhesions over time in culture by secreting fibronectin to which integrins can subsequently bind. Together, these results indicated that the secretion of fibronectin and subsequent formation of focal adhesions in cells cultured on BSA after 5 hours of static culture or fluid shear stress correlates with the induction of COX-2 in response to fluid shear stress.
RGDS peptide treatment inhibits focal adhesion formation on fibronectin even after 5 hours of static culture or fluid shear stress.
To verify that treatment with soluble RGDS peptide inhibited the formation of focal adhesions on fibronectin both prior to and after 5 hours of fluid shear stress, we visualized vinculin positive focal adhesions by immunofluorescence microscopy.
Treatment with RGDS peptide limited vinculin positive focal adhesion formation on fibronectin after 2 hours of adhesion (Fig 6g) and continued to inhibit focal adhesions after 5 hours of static culture or fluid shear stress (Fig 6h-i) . The effect of RGDS peptide was dramatic when compared to both vehicle (PBS) (Fig 6a-c) and RGES peptide (Fig 6d-f ) controls, which had prominent focal adhesions after 2 hours of adhesion as well as after being subjected to 5 hours of static culture or fluid shear stress. These results indicate that the reduction in both fluid shear-induced PGE 2 release and upregulation of COX-2 protein correlates with inhibition of focal adhesions on fibronectin by soluble RGDS peptide treatment.
RGDS peptide treatment does not alter fluid shear stress-induced ERK phosphorylation.
Others studies demonstrated that COX-2 induction in response to fluid shear stress is partially dependent on ERK phosphorylation (39) . Therefore, we also investigated whether focal adhesions were required for fluid shear stress-induced ERK phosphorylation in MC3T3-E1 osteoblasts. After 2 hours of adhesion on glass slides coated with fibronectin, osteoblasts were subjected to a time course of fluid shear stress in the absence of serum and both phosphorylated and total ERK protein levels were analyzed by western blot. Like the induction of COX-2, significant phosphorylation of ERK did not occur until 5 hours of fluid shear stress under these conditions (data not shown). Total ERK levels remained unchanged in response to 5 hours of fluid shear stress (Fig 7) . Treatment with soluble RGDS peptide, which inhibited the induction of COX-2 in response to fluid shear stress, did not alter fluid shear stress-induced ERK phosphorylation after 5 hours compared to both vehicle (PBS) and RGES peptide control cells (Fig 7) . This suggests that under our culture conditions activation of ERK is not dependent on focal adhesion formation. 
DISCUSSION
